Abstract: Product designers need to consider users' requirement changes in the product life cycle. Existing practices of product design lack an effective method to quantify uncertainty effects on products. This research proposes a method to evaluate product sustainability under the generational variety uncertainty. An integrated method of agent-based modeling, quality function deployment (QFD), and axiomatic design theory is developed to simulate users' preference changes. The contribution in this paper is to address all sustainability pillars including the social, environmental, and economy in the proposed solution. The quantified uncertainty is then used to evaluate impacts on product sustainability. The proposed method is validated using an example of the wheelchair design.
Partanen, Parida, & Wincent, 2013; Reim, Parida, & Örtqvist, 2014) . The attention to minimize environmental impacts of products has been increasing (Gremyr, Siva, Raharjo, & Goh, 2014; Masui, Sakao, Kobayashi, & Inaba, 2003) . A sustainable product is mainly decided in its design phase. Product design can decide up to 80-90% of sustainability performance in the product life cycle (May, Taisch, & Kerga, 2012) . As the uncertainty accompanies in processes of product design, having accurate data of users' preferences is always a challenge.
In engineering design, the lack of definition, lack of knowledge, and lack of trust in knowledge are considered as the uncertainties (Afshari & Peng, 2014; Wynn, Grebici, & Clarkson, 2011) . Uncertainties require the flexibility to maintain the performance of a system. A prerequisite to embed the flexibility in the design is to recognize functions and components of a product that are likely to change under uncertainties. Consequently, with accurate data in the design stage such as future changes of a product, uncertainty effects on sustainable impacts of the product can be reduced.
The variety across the future generations of a product is known as the generational variety (Martin & Ishii, 2002) . The change of users' preferences during the product life cycle is uncertain in the product design stage. Due to the change of user's preferences, a product may not satisfy requirements anymore in the application stage. Increased product diversity requires the additional cost and development efforts. Another solution, proposed in this research, is to evaluate changes and to adapt the changes in the product design. A design objective is therefore considered to minimize product environmental impacts under users' requirement changes. For example, if the material in a printer frame is identified as the most pollutant factor, the designer can replace the frame material to minimize environmental impacts of the printer.
The objectives of this research are to quantify the evolution of users' preference changes, and to investigate effects of the quantified changes in product design. The proposed model is validated using a wheelchair product. In rest parts of the paper, the related research is first reviewed. A proposed method is then described in details, followed by the method implementation and a case study. The paper is concluded by discussions of contributions, deliverables, and future research directions.
Literature review

Methods to study generational variety of products
Most products are developed from generation to generation following users' requirements, technology progress, market segmentations, and the price competition (AlGeddawy & ElMaraghy, 2011; Chen, Yeh, & Hu, 2011) . The product variety increases the complexity of the product development. A review of Engineering Change Management (ECM) highlights a gap in literature to evaluate the engineering changes in quality, manufacturing, and post-manufacturing of a product (Hamraz, Caldwell, & Clarkson, 2013) . Jarratt, Eckert, Caldwell, and Clarkson (2011) reviewed tools and techniques during the engineering change process to classify them into hard technologies (e.g. process and material requirement planning), soft techniques (e.g. QFD and Design for Manufacture and Assembly), academic tools and prototypes (e.g. Change propagation methods). Using change propagation approaches, the effect of changes was investigated in the internal structure and sub-assemblies of a product (Eckert, Clarkson, & Zanker, 2004) . Next generations of change propagation approaches provided better solutions to manage complexity of multiple contextual changes. Martin and Ishii (2002) introduced Design for Variety (DFV) to quantify the change. Using Generational Variety Index (GVI), changes of product components were evaluated to meet the future requirements. The internal effect of change propagations into other product components was then measured using Coupling Index (CI). Using Change Propagation Index (CPI), Suh et al. measured the total changes propagation of components (Suh, Weck, & Chang, 2007) . Sensitivity design structure matrix (sDSM) identified design variables for the most sensitive to changes; a designer can insert flexibility to these highlighted subsystems or components (Kalligeros, 2006) . Giffin et al. (2007) suggested a normalized CPI to compare sensitive components in design scenarios. The approach is limited in defining the magnitude of changes in the multi-domain analysis. Koh, Caldwell, and Clarkson (2012) presented a model to predict and manage undesired engineering change propagations during the product development. House of quality and change prediction methods (Clarkson, Simons, & Eckert, 2004) were the basis of the proposed methods. The methods were used to assess change options during engineering changes. Bartolomei (2007) extended Engineering System Matrix (ESM) to identify variable components for socio-technical systems. Changing components were identified using the sensitivity analysis, change propagation analysis, and estimated cost of changes. The proposed method lacks in ranking and analyzing multiple contextual changes. The method was later extended to a new framework of Engineering Systems Multiple-Domain Matrix (Bartolomei & Hastings, 2012) .
Agent-based models (ABMs) have been proposed to solve problems with the large size of the domain and frequently changing structures (Barbati, Bruno, & Genovese, 2012) . Reviewing applications of agent-based modeling, there is a limited contribution made in design fields compared to other areas. Agent-based models have been applied in the modular and collaborative design of products (Liu, Chen, Wang, & Wu, 2014) . Multi-agent systems provide a structure to include designers' ideas in a collaborative fashion. Ostrosi, Fougères, Ferney, and Klein (2012) applied agent-based modeling in product families for the conceptual design. The proposed approach considered the product configuration as a structural and collaborative design problem different actors were used in modeling. Cao, Zhu, Cui, and Tan (2008) proposed an agent-based approach to map behavioral and functional matrixes for the conceptual design of mechanical products. A design flow was proposed by Xu, Han, and Ye (2008) for customized products using the similarity evaluation. The method combines the analysis of user's requirements using QFD and a multi-agent system to optimize decisions. Using a hybrid approach, Wang and Chen (2012) proposed a method in the collaborative product design for the optimal selection of modules. The approach used the fuzzy multi-criteria decision-making, QFD, and linear integer programing. Afshari and Peng (2015) proposed a hybrid method to investigate users' preferences in a product life cycle. Integrating QFD, data mining and ABM, the changes of requirements during the product life cycle were simulated. The proposed method shows a better convergence in product changes compared to the GVI method. Therefore, it is required to develop an accurate prediction for the future changes of products.
Methods to investigate environmental impacts of products
Decisions in the early design phase affect the entire product life cycle. Various methods and tools have been developed to consider environmental measures in the design phase. Design for environment (Fiksel & Wapman, 1994) , design for life cycle (Alting, 1991) , and Life cycle assessment (ISO 14040, 2006) are some of the approaches widely accepted in product design studies. Eco-design tools have been developed to integrate environmental issues in the product development processes (Pigosso & Sousa, 2011) , and to assess the entire environmental impact of a product with different design variants (Russo, Rizzi, & Montelisciani, 2014) . Different classifications of eco-design tools have been proposed in literature. Ramani et al. (2010) proposed four categories of eco-design tools including checklist-based tools, life cycle assessment (LCA)-based tools, quality function deployment (QFD)-based tools, and integrated tools. In another classification, tools are divided to standards/ guidelines, comparative tools, and analytic tools (Chou, 2014; Knight & Jenkins, 2009 ). We review the advantages and disadvantages of these echo-design tools as follows.
Tools based on LCA analyse product interactions with environments through materials and energy in different stages of the life cycle to investigate potential environment impacts. LCA is known as an objective method to evaluate the environmental profile of a product or process (ISO 14040, 2006) . As much information and effort is required in the detail analysis, using LCA-based tools are costly and time-consuming (Koffler, Krinke, Schebek, & Buchgeister, 2008) . LCA is considered as a pre-determined tool that is limited in generating environmentally compliant options (Deutz, McGuire, & Neighbour, 2013) .
Checklist-based tools evaluate the environmental impact of products through a series of questions to guide the creation of sustainable design concepts in designer's mind. These tools are qualitative and easily applicable to highlight environmental impacts in even small and medium companies. The challenge of using these tools is their subjective nature and difficulties to provide concrete solutions for different stages in the product life cycle .
QFD-based tools embed objective measures in the sustainable product design. Several tools such as QFD for environment, House of ecology, and Green Quality Function Deployment have been introduced in QFD-based tools. The common concept behind these tools is to collect customers' requirements and environmental needs, and then to correlate these needs with product and process specifications (Masui et al., 2003) . Dependence on designer's knowledge and experience and the likelihood of ignoring the entire product life cycle in the analysis are disadvantages of these tools (Bouchereau & Rowlands, 2000) .
The reviewed tools can be categorised as non-integrated tools and integrated tools. The non-integrated tools need some justification for suitable uses in different companies. Knight and Jenkins (2009) claimed that available eco-design tools may not been widely used by industries because the methods are required to be generic and customization before the application. In contrary, the integrated tools are developed to utilize advantages of multiple tools and techniques for eco-design.
Integrated tools try to improve different eco-design tools using a holistic and integrated approach. Some of the tools provide the web-based assessment and education tools to help designers in sustainable design (Lofthouse, 2006) . Some of the tools integrate methods and techniques, such as life cycle costing and LCA (Senthil, Ong, Nee, & Tab, 2003) , multi-criteria decision-making and LCA (Khan, Sadiq, & Veitch, 2004; Wang, Chan, & White, 2014) , and optimization and mathematical modeling Thurston & Srinivasan, 2003) . Some eco-design tools are developed to evaluate the environmental impacts within specific industries, which indicate the applicability of proposed methods by the quantification of eco-efficiency measures (Bonvoisin, Lelah, Mathieux, & Brissaud, 2014; Taghdisian, Pishvaie, & Farhadi, 2014) .
One of the most successful tools to study environmental impacts of products is Function Impact Matrix (FIM) that fills the gap between the introduced tools . The method integrates LCA, benchmarking, and QFD to identify the environmental impact of each product function in overall system performance. The tool highlights opportunities to redesign a product in the early design phase. The strength of the tool is simply integration of qualitative and quantitative techniques to cover the entire product life cycle, and the weakness is its subjectivity. Inoue et al. (2012) proposed a preference set based design (PSD) method for the flexible and robust design solution under uncertainty. The method considers designer's preference for a multi-objective design problem including the physical performance and environmental impacts of product. A lack of identifying specific sources of uncertainty is witnessed in this research. Also, the method does not consider the social dimension of sustainability in its multi-objective solution. Kim, Kara, and Kayis (2014) proposed a conceptual framework to study the economic and environmental impacts at the product and the market levels. The framework defines an upper environmental impact limit, and then identifies either the allowable volume of product or further environmental improvements to not exceed the impacts of previous generation of the product. The framework helps comparing different technologies in trade-off between product design and market share. The limitation of the proposed framework is observed in ignoring detail design parameters, and the lack of investigating emerging technology uncertainties.
In summary, integrated tools are shown more compatible with real needs of industries for the environmental impact analysis. Due to the proven effectiveness of the FIM method in applying environmental factors in the early design phase, the FIM method is adopted as a part of the integrated method proposed in this research.
Methods to model uncertainty and reduce its effects
Simulation-based approaches and agent-based models are widely used to reduce uncertainty effects on the product life cycle (Afshari & Peng, 2014) . The ability to test different improvement scenarios makes these methods popular. But these methods cannot meet the need of details in design steps and users' behaviors in the life cycle assessment. Moreover, a mistake-proof solution for product design is not guaranteed. In other words, retroactive improvement scenarios used in these methods may not be effective for unexpected uncertainties.
Another approach is the use of the axiomatic design (AD) (Suh, 2001) . Two axioms including independence axiom and information axiom were defined in the AD. Suh (2005) applied the AD to reduce the complexity of designs via satisfying the functional requirements of products, processes, and systems based on design constraints. Complexity was defined as a measure of uncertainty in achieving specified functional requirements (FRs). A solution using the AD was proposed to reduce information uncertainty for each type of complexity. Xiao and Cheng (2008) investigated the relationship of axioms and robust design to conclude an inherent connection between them. Their studies show that the design satisfying independence and information axioms is more robust. This proves the consistency between the AD and robust design. A review of the applications of axiomatic design shows that the AD is flexible in the combination of other methods and tools (Kulak, Cebi, & Kahraman, 2010) . None of the reviewed studies provided a solution for the sustainable product development. Kim et al. (2014) proposed a product assessment approach to find the volume of products based on technology changes and environmental impacts of the products. The approach applied AD as a function of product features to determine drivers of environmental impacts. The strength of the method is the joint study of economic and environmental impacts of each product generation on the product life cycle. But it lacks the study of uncertainty in product life cycle decisions. Beng and Omar (2014) proposed a framework for the sustainable product with less environmental harms. Axiomatic design principles were used in three areas including design for the sustainable end of life (EOL), the green supplier selection, and the optimization for sustainable manufacturing. The environmental effects were minimized by defining a proper relationship between FRs and DPs, and by minimizing information contents of each alternative. A lack of uncertainty studying on environmental impacts during the product life cycle is witnessed.
In summary, the limited research has been found in using the AD theory for uncertainty effects on the product sustainability.
Proposed method
Environmental impacts of products are studied in the design stage considering the generational variety of the product. To evaluate the generational variety of a product, changes of users' preferences are simulated over a product life cycle as illustrated in Figure 1 . Steps are shown in the numbered rectangular blocks and outputs are depicted using the dashed rectangular in Figure 1 .
The first step is to evaluate changes of functional requirements over a product life cycle. An integrated method is adopted using agent-based modeling (Afshari, Peng, & Gu, 2013) and the diffusion theory (Bass, 1969) . The basic Bass diffusion equation is extended as Equation (1) to evaluate effects of mass media and people's interaction on the changes of product functional requirements.
In Equation (1), P(t) is the total number of adopters to new products at time t. P is the total number of potential adopters; m is the coefficient of innovation, the first item in the equation shows the people who bought new product without the influence of others; n represents the coefficient of imitation, the second item shows the people who bought new product influenced by others.
(1)
Equation (1) is adopted to propose a mathematical model for the uncertainty evaluation. Events such as technology improvements and interactions with other people in society affect users' preferences, these events are sources of uncertainty in users' preferences as presented in Figure 2 (Eckert, Clarkson, de Weck, & Keller, 2009) . To model the interactions, a time-based view of events affecting users' preferences is presented in Figure 3 .
It is assumed that people's interactions happen more often than the technology improvement; hence, the period of people interactions (t) is shorter than the period of technology improvement (Pr). To measure average users' preferences, the value of individual preferences is formulated in different periods of time. Equation (2) illustrates user's preferences in duration A where people's interactions happen.
The autonomy of users in adopting (updating) their preferences in the interaction with a friend ( frd (i, j, t) ) is shown as Bernoulli distribution with p = 0.5. A set of interaction events affects individual user's preferences between technology updates (t < Pr). Equations (3 and 4) formulate users' preferences in duration B and point C shown in Figure 3 .
At the end of a product life cycle, the individual preference is calculated and mutual effects of events are evaluated using Equation (5). Users' preferences for each part are measured at the end of the product life cycle; an average of all users' preferences is presented in Equation (6).
(2) For industrial applications, a large population is used to follow Equations (2-6). We simulate the process using agent-based modeling. Pseudo code used for agent-based modeling is shown in Figure 4 .
Users' preferences are represented as agents in a multi-agent simulation environment. Each agent has a random number of friends with a contact list in close or far distance from where the agent lives. Some technical and non-technical events such as the technology update, friend's advices, etc. occur during the interaction with other agents or with the environment. Data mining techniques are used to obtain required rates and parameters (e.g. technology update rate, life cycle time, and number of connections). Due to the independent nature of agents, they have the authority to either update their preferences or ignore received signals. After the acceptance of a new technology, affected agents advertise the new technology to their connections; therefore, users' preferences are updated accordingly. The simulation continues in a specified product life cycle. The list of changes in users' preferences over the product life cycle is then mapped into functional requirements using QFD. The output of this step is the amount of changes in functional requirements under uncertainty (ΔFRs Uncertainty ).
The second step of the method measures environmental impacts of product during the life cycle. Function Impact Method (FIM) is used in the evaluation of environmental impacts for individual product functionalities to connect next steps of the method . The environmental impacts are evaluated in a deterministic environment that is not affected by any uncertainty over the course of time. In the design stage, knowledge and experience on the product environmental impacts is not as precise as expected. The evaluation begins with decomposing a product into components, and then measures the material, manufacturing, use, and end of life impacts of each component. After defining details of each component based on product functions, environmental impacts of individual components are evaluated as Function Impact (FI).
In the third step, the effect of changes in users' preferences is measured. This stage will build the link between the environmental impacts analysis and the generational variety of a product. The effect of users' preference changes over the product life cycle on environmental impacts is evaluated using Equation (7).
To verify that effects of the uncertainty on the function impact (FI) is precisely measured, changes of FRs (ΔFRs Uncertainty ) should be normalized before using Equation (7). At the end of this step, a list of the most affected functional requirements over the product life cycle is achieved. But some details are required to use the information in product design.
In the last step, the contribution of each design parameter (DP) on environmental impacts is investigated. A designer can use the results to improve a product design. Among mapping tools, the axiomatic design theory is used in this step. Our focus is on the physical domain where functional requirements (FRs) are mapped into design parameters (DPs). Two axioms including independence axiom and information axiom are evaluated. In the independence axiom, the independence of the FRs is maintained. Here, functional requirements are defined as the minimum set of independent requirements that characterizes the design goal to minimize the environmental impacts. The information axiom aims to minimize design information content; the design with the least information content will be the best solution. The independence axiom is used to ensure the decoupled or uncoupled design. Equation (8) indicates the relationship in a physical domain of the axiomatic design.
To provide an uncoupled or decoupled design, [A] should be diagonal or triangular matrix respectively. The knowledge and experience of designers can be used to investigate appropriate DPs satisfying FRs independence as shown in Equation (9). As the budget limitation will affect revising the product design, DPs should be prioritized according to the budget to optimize the design solution. We use the concept of Rigidity of Design Sustainability (r) to ensure that the maximum magnitude of environmental impacts are addressed under the available budget. Using a step-wised algorithm, the best DP with the maximum K value is selected.
In each iteration (t), one DP out of n DPs is selected and (r) index is revised using Equations (11 and 12).
The algorithm to search DPs stops when Equation (13) is satisfied.
If other constraints such as the minimum magnitude of environmental impacts are considered, the algorithm can be revised accordingly.
Case study
The proposed method is applied to a wheelchair design. A sustainable solution is required for the wheelchair design to meet requirements of the product cost, durability and low environmental footprints. The purpose is to verify that the proposed method can help designers to improve environmental impacts of a product under the generational variety uncertainty. All analyses are conducted for a benchmark wheelchair proposed by Hosseinpour (2013) .
A recent analytical report shows that the wheelchair manufacturing industries in the USA devoted a significant portion of total funding to the research and development (R&D) activities (Curran, 2016) . In the last 5 years, the average industries have spent at least 12% of revenue in the R&D to obtain a competitive advantage. The report highlights that new investors to this industry face high barriers to enter the market in terms of R&D costs or buying existing patents from other industries. Moreover, the environmental compliance costs have raised due to government's increased scrutiny of manufacturing processes. Thus, providing a cost-effective and environmentally friendly solution will be embraced by wheelchair manufacturing industries to reduce costs.
Initially, a users' preference survey was conducted. The preferences were then mapped into functional requirements using QFD. A group of experts was contacted to discuss the mapping solution. Parameters related to the product life cycle and technology trends were estimated. If a product exists in the market, its past data are used for estimation; otherwise, similar technologies and products are benchmarked to obtain the parameters. Product behavioral and interactional functions are investigated using data mining and marketing research. The users' tendency to advertise new technologies is also investigated. Finally, the estimated parameters are used to simulate the product life cycle using agent-based modeling. Agents are defined as users' preferences to interact each other in an environment (market or city). Technology innovations are updated regularly, and broadcasted
to all agents. Some pioneer agents may adopt the new technology, and then advertise it thorough a group of connected friends. Through the simulation of the product life cycle, users' preference changes are investigated over time.
Following steps in Figure 1 , the wheelchair life cycle is simulated using ABM. Parameters in Table  1 are used for the life cycle simulation. AnyLogic commercial software package (version 6.8.1) is used to simulate users' preference change as shown in Figure 5 .
After initializing the simulation model, all agents are set in the blue color. In each 90-days simulation (three months), new technology trends are broadcasted to random users. It changes the color of agents from blue to green. Then, those users who follow the technology innovation are informed and they may update their preferences by changing the color to red. The trend of technologies is evaluated using the data of wheelchair parts during the last 20 years.
After the simulation of the wheelchair life cycle, measured changes in users' preferences are transferred into changes in FRs (ΔFRs Uncertainty ). The output is a list of normalized value of changes in FRs (to remove bias effects of data changeability) for measuring uncertainty effects. In the next step, the environmental impacts of the wheelchair during its life cycle are evaluated using function impact method (FIM) as shown in Figure 6 . In this figure, the total environmental impacts index (EI) of each part is measured using the SolidWorks software. The carbon footprint of each part is measured in a unit of kg carbon dioxide equivalent (CO 2 ). The contribution of individual components in each product function is then distributed. The analysis highlights the most contributed functional requirements in environmental impacts of the wheelchair including having a moving system, supporting loads, and holding hip and thigh.
The effect of users' preference changes on environmental impacts of the wheelchair is quantified using Equation (7). The ranking of FRs is changed when the effect of users' preference changes is measured using Equation (14).
To identify parameters contributing to the environmental impacts of the wheelchair under uncertainty, changes of FI are mapped into DPs. The AD is applied for the uncoupled or decoupled design. The relationship between functional requirements and design parameters is depicted. The mapping illustrated in Figure 7 shows a decoupled design. The mapping area is divided into two main rectangular areas for environmental impacts. In the first rectangular area, DPs are selected for the wheel, seat, main frame, and reclining mechanism. In the second rectangular area, the cost of components, number of components, material properties, and component sizes show the most contributing DPs to wheelchair environmental impacts. Number of FRs 17
Number of DPsA comprehensive solution would redesign all components to minimize the environmental impacts of the product; however, the proposed algorithm chooses DPs to meet the minimum cost within the FRs based on the budget limitation. To initiate assigning DPs, a list of given budgets is needed considering analyses and resources required for each DP. Because of the lack of data, an estimated budget can be utilized using the degree of coupling between DPs and the probability of changes for each DP. For more accuracy, a measure is used to quantify design efforts for each DP based on the required budget. Table 2 presents a list of criteria for the design activities; the criteria are obtained from experts in the wheelchair design. The criteria include the diversity of potential materials (C1), Variety of parts and details (C2), Coupling with the other parts (C3), Number of technical tests required (C4), Ease of access to developed technologies (C5), and difficulties in prototyping (C6). All criteria are measured between 1 and 10. A higher number reflects more efforts and activities needed to design a DP.
In Figure 8 , the sustainability index is used to select DPs according to the design activities required for DPs. The sustainability index is a normalized measure of functional impacts (∆FI) for DPs in Figure 7 . Figure 8 shows that by revising 5 DPs (DP1, DP8, DP9, DP7, and DP3) more than 85% of the product environmental impacts can be reduced. The developed method helps to prioritize the DPs according to the required design activities and available budgets.
The result of proposed methods is also compared to the case of disregarding uncertainty. As presented in Table 3 , the ranking of most pollutant FRs (as output of the FIM) is assessed with the ranking of FRs in Equation (14). Table 3 shows the influence of users' preference changes on the ranking of the most contributing FRs in wheelchair environmental impacts. Traditionally, decisions to revise the design of a product were made only upon life cycle of a product. The proposed method enriches the reliability of previous approaches by considering the effects of uncertainties. Despite the other methods, the developed method is integrated into the selection DPs using the AD as presented in Figure 7 .
The established DPs are then used to improve wheelchair's environmental impacts. The original design of the wheelchair can be revised considering general DPs identified in the small rectangular area (presented in Figure 7 ). Such improvements include reducing the weight of components and the number of components, using environmentally friendly martial, etc. Several improvements are obtained in the wheelchair design improvement using the proposed method. For example, a designer could use the method to improve the design of "drive wheel" by reducing the weight. In this case, environmental impacts of the drive wheel are reduced from 47.26 kg CO 2 into 36.76 kg CO 2 by improving the design of the part. Table 4 summarizes the improvements and compares the proposed method with traditional methods. Therefore, a sustainable solution is obtained using the social (users' preference mining), environmental (functional impacts analysis), and economic pillars (the budget or design efforts needed as a function of cost).
Conclusions
This paper proposed a comprehensive approach to reduce effects of uncertainty on environmental impacts of products. The method considers changes of users' preferences using an indicator of the generational variety uncertainty in a product life cycle. The method applies the agent-based modeling to quantify users' preference changes. The design analysis continues with breaking down a product into its components and subassemblies. Based on defined materials and processes in the BOM, environmental impacts of each product function are evaluated using the FIM method. The effect of quantified changes in users' preferences is measured, and the most effective functions are identified. By adapting the AD theory and QFD methods, the effects of changes on environmental impacts are reduced. The method is validated using the design example of a wheelchair product.
The contribution of this research is a quantitative and qualitative method to measure environmental impacts of a product under its life cycle uncertainty. Instead of end-of-pipe solutions, this research proposes a method to reduce environmental impacts before manufacturing and introducing a product to the market. As presented in Table 4 , a traditional analysis would direct us to identify Support all loads without fracture 3 4
Have reclining back-rest, leg-rest 4 8
Hold the legs 5 9
Operate with electrical energy 6 11
Hold hands 7 6
Does not tilt 8 3
Hold back body 9 2
Decline pressure point 10 7
Hold the head 11 10
the most pollutant components of a product, and improve its design for fewer impacts to the environment. On the contrary, this research measures the potential changes of a product in the future. Design parameters (DPs) are then addressed for detail design improvements.
Due to the qualitative nature of research, a group of experts are solicited to contribute in mapping process. The knowledge and expertise levels of participants would affect the expected quality of the solution. For the future research, the authors plan to extend the model with more factors including time and cost required in the product development under the generational variety uncertainty. A multi-objective method will be developed to optimize design objectives under uncertainty. Simulates/measures future functionalities of a product, and hints the design parameters to be improved
